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Abstract 
Anaerobic digestion (AD) presence is emerging in the UK because it has numerous environmental benefits as 
waste management strategy and produces valuable biogas. This work shows that up to 5.5% of UK primary 
energy could be met by biogas, representing 14.4% of gas consumption. Fuel cells (FCs) are the most efficient 
and environmentally benign energy convertor of any device of equivalent scale and in addition are well suited 
for biogas utilization, which has worldwide led to the emergence of numerous integrated commercial 
applications. Thus, biogas coupling with fuel cells is proposed as a unique and virtuous AD scheme. A techno-
economic model has been developed for the two types of AD plants with the highest development prospects in 
the UK, namely livestock and food waste plants, whose performance and feasibility at different scales are 
scrutinized under several policy scenarios, some of which incorporate supportive mechanisms for the 
introduction of FCs. Results confirm that conventional AD projects can already be profitable in the current 
market environment, while projects involving FCs proved environmentally superior, virtually suppressing 
harmful pollutant emissions and decreasing the CO2 emissions from using grid electricity and natural gas, at a 
reasonable avoided carbon cost in the best suited cases. 
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1 Introduction 
 Concurrent with meeting challenging carbon reduction targets 
[1-3]
 the UK needs to continue shifting away 
from the landfilling of waste as its primary waste management strategy, both because landfill site capacity is 
finite and to comply with the EU Landfill Directive 
[4]
 which stipulates the reduction of biodegradable municipal 
waste (BMW) disposed to landfill to 35% of 1995 levels by 2020. 
 Although anaerobic digestion has been widely used for sewage sludge sanitation and the treatment of some 
municipal waste 
[5, 6]
, its full energy potential did not start to be seriously explored until recently. Indeed, the 
common practice to deal with the biogas produced in the process in the past consisted of simply burning it to 
obtain heat 
[7]
, venting to atmosphere, or flaring if there is a self-ignition concern 
[8]
. Accordingly, more rational 
and energy efficient methods for valorizing the biogas are desired, with combined heat and power (CHP) 
applications in general the most developed and cost-effective option. Biogas can also be upgraded (methanation) 
to meet the standards to be injected into the natural gas network or to be used as vehicle fuel, but the penetration 
of these uses cannot compare with that of stationary uses and/or extra costs involved are still excessive 
[9]
, and 
because of this they are out of the scope of this work. 
 As a result, CHP plants have taken the lead in substituting the traditional common standard for biogas 
utilization in the European Union, which were electricity only plants. Indeed, 64.9% of biogas electricity 
generated in 2012 came from cogeneration plants. The direct electricity production from biogas use in the EU 
has increased from less than 4 TWh in 2003 to 46.3 TWh in 2012 
[10]
. Breaking down this latest figure, around 
two thirds of it comes from purpose-designed energy recovery plants, a fifth from landfill and the rest from 
wastewater treatment plants, although the picture is diverse across the EU. Germany is the worldwide leader in 
biogas use, where over 7,500 on-farm designed anaerobic digesters made up 92% of biogas production in 2012. 
In contrast, the second largest biogas producer in absolute terms, the UK, has only 60 farm-based AD plants (286 
operational plants in total as of May 2014, of which 146 are associated to the water industry 
[11]
), although the 
bulk of its overall biogas production came from landfill. In particular, the biogas sector in the UK generated a 
turnover of around €600 million and employed 3,500 persons in 2012 (€5,700 million and 69,000 persons for the 
EU) 
[10]
. The UK government has launched an AD enabling plan, the Anaerobic Digestion Strategy and Action 
Plan 
[12]
. 
 Within this framework, fuel cells (FCs), as an efficient and clean energy convertor, represent a promising 
technology for biogas CHP applications as they overcome the main downsides of the current norm generator, 
diesel engines, namely their modest electrical efficiency and their high polluting impact. In particular, the current 
state of the art stationary fuel cell products (e.g. Bloom Energy’s Energy Servers, FueCell Energy’s DFCseries, 
ClearEdge Power’s (now Doosan America) Purecell400 or CFCL’s BlueGen) exceed a 50% lower heating value 
(LHV) electric efficiency, almost irrespective of the size and load of the system, while diesel engine efficiencies 
are in the range of 25-40% LHV 
[13-15]
, depending highly on size and part load condition. Fuel cells produce 
much less NOx, SOx and particulates than other conventional energy generation technologies and less CO2 
emissions when operating with hydrocarbons thanks to their efficient operation. However, biogas use in fuel 
cells requires a much more exhaustive gas cleaning stage as the catalysts used are very sensitive to impurities 
[16, 
17]
. Additionally, fuel cells are modular so they can accommodate a wide range of power requirements.  
 However, despite these benefits, fuel cells still struggle to be widely adopted, largely due to their higher 
capital costs, which are in general 3-5 times higher than those of their same size counterpart diesel engines, 
being in the range 2,000-7,000 £ kWe
-1
 (see Table 1), compared to 500-1,500 £ kWe
-1
 for diesel engines 
[13, 18, 19]
. 
However, fuel cell costs are expected to significantly reduce in the future, reflecting both the current learning 
rates of 15-20% 
[20, 21]
, and forecasts for component cost reduction from manufacturing studies 
[22, 23]
.  
 Fuel cell adoption has seen significant growth since 2007, with around a six fold increase in the number of 
megawatts deployed in the period to 2013 
[37]
. Biogas utilization in fuel cells started to be considered in the late 
80’s, when the first studies on the topic appeared [38, 39], predominantly focusing on PAFC technology. Stahl 
reviewed worldwide biogas-fuel cell demonstration plants in 2006 
[40]
, identifying 36 projects with a total electric 
generation capacity over 8 MW, out of which almost two thirds involved PAFCs and most of the rest were 
MCFCs. These projects were mainly based on waste water treatment plants (WWTPs), and are not in operation 
any more. Pérez-Martínez et al. reported more than 40 demonstration projects in 2008 
[41]
, in which PAFC and 
MCFC technologies prevailed over smaller numbers of PEMFC and SOFC projects. Since then many new 
commercial projects involving biogas and fuel cells have appeared, and are reviewed in this study (see 
Appendix).  
 The main conclusion from this review is that high-temperature fuel cells seem to have become the first 
choice over low-temperature ones for stationary heat and power generation applications on biogas. Out of the 48 
different projects identified, MCFC and SOFC represent around 40% each, with the remainder being PEMFC or 
PAFC installations. This is not surprising given the inherent advantages of high temperature fuel cells for 
stationary uses, in particular those involving biogas, and reflects the increasing maturity of SOFC and MCFC 
technology.   
 Currently, two American companies are the global leaders of the stationary fuel cell market, FuelCell Energy 
(MCFC technology) and Bloom Energy (SOFC technology), with Korean POSCO Energy also breaking through 
thanks to its licensing agreement with FuelCell Energy in the USA. While Bloom Energy power only generators 
are the preferred technology for commercial buildings, FuelCell Energy CHP products are the choice for 
WWTPs, in both cases due to an optimal matching of heat/power loads at those sites. Furthermore, both 
technologies are being used to build increasingly bigger power plants, as exemplified by POSCO Energy’s 
deployment of FuelCell Energy units in Hwaseong (South Korea) to make up a 59MW power plant, the largest 
fuel cell park in the world to date 
[42]
. 
 The impressive adoption of biogas-fuel cell systems has been largely led by California’s Self-Generation 
Incentive Program (SGIP), the state’s flagship to promote distributed electricity generation [43], which on top of 
federal Investment Tax Credits (ITC) 
[44]
, can cover up to 70% of the capital cost of the project. Financial details 
of the program are summarized in Table 2. As a result of these strong supportive policies, more than half of fuel 
cells purchases worldwide running on biogas have occurred in California, and this has catalyzed interest of other 
states and countries. 
 Another successful example of Government support to fuel cells is the case of residential microCHP units in 
Japan, where the Ene-Farm scheme launched in 2004 has induced the largest number of fuel cell systems 
purchases for a one single purpose in the world 
[21, 35]
, with retail prices reduced by 83% in the 10 year period to 
2013, and forecast to be further reduced by an additional 70% by 2020. Over 85,000 such units have now been 
purchased by consumers in Japan. 
 Thus the vital importance of policy for the development of fuel cell systems and for their adoption in 
stationary energy provision applications has been made clear. In the next decade this situation will necessarily 
continue, with fuel cell deployments being enabled by government support since the fuel cell industry is not yet 
fully prepared to compete by itself in an open market. However, the continuation of supportive policies with 
time-decreasing benefits would facilitate the cost reduction required for fuel cell systems to be market 
competitive in the medium term. 
 
2 Biogas Potential Estimation 
 A few recent studies have estimated future biogas outputs in the UK: Anaerobic Digestion and Biogas 
Association (ADBA) 
[45]
, National Grid 
[46]
, and perhaps the most complete one by SKM Enviros 
[47]
 (details 
given in Table 2). However, none of these went on to calculate the full biogas potential of the UK, and also most 
of them did not look at all the possible biogas sources but just at some, with the estimates frequently focused on 
one particular technology. Hence this paper seeks to undertake and report a clear, systematic and updated 
analysis of the biogas potential in the UK as opposed to an output estimate. Consequently, this paper follows a 
technologically-driven approach to estimate the biogas potential of the UK with a 2030 time horizon. 
 The ultimate biogas potential for the UK has been estimated by considering all possible biogas sources 
including Landfill, Sewage, Municipal Solid Waste (MSW), Commercial and Industrial Waste (C&IW), 
Livestock, Agricultural Residues and Energy Crops. This theoretical potential has been obtained by projecting 
current resource availabilities for biogas against future trends, assuming that all the resource is used for biogas 
production via anaerobic digestion given state of the art technological system performances, and assuming 
conservative technology improvements. Then, the theoretical potential has been reduced to a technical potential 
("High" scenario) by accounting for environmental limitations and land-use constraints. Likewise, this technical 
potential has been capped by accounting for competing resource uses to AD, which is reflected on the "Medium" 
and "Low" scenarios. Specifically, these two scenarios can be regarded as a relatively close proxy to what policy 
driven analyses consider an economic potential, which can still be further reduced by practical issues such as 
protected areas, precedents of rejection of disamenities, sunk costs in composting infrastructure, inflexible rural 
and urban planning strategies, etc. All of that would give a sustainable practicable potential, but close scrutiny of 
all practical, localized factors was beyond the scope of this study. Additionally, it is noteworthy that, while 
approaching fulfillment of the technical potential in some categories is likely (e.g. landfill, sewage and C&IW), 
much effort and new policies are needed to foster the contribution of others (e.g. MSW, livestock and energy 
crops). 
 Table 3 summarizes the results obtained, showing that biogas holds a theoretical potential to provide up to 
5.5% of UK primary energy by 2030, representing 14.4% of gas consumption. This implies that SKM Enviros’ 
Central Growth estimate based on realistic growth rates and the overcoming of certain key deployment barriers 
would utilize around a quarter of the full biogas potential of the UK. 
 This work demonstrates that the biogas potential in the UK is large, so it is an energy choice worth exploring. 
Although a detailed development of the model is out of the scope of this work, the main assumptions and 
characteristics of it are presented in the following paragraphs, in which it is highlighted that food waste (MSW or 
C&IW) and livestock waste offer the two sources with the highest development prospects for the near future in 
the UK. For more insight into the development of the model see 
[48]
. 
 
2.1 Landfill 
 Landfill gas production in the UK grew from 0.9 TWh of primary energy in 1990 to 15 TWh in 2006, and 
since then has plateaued at around 17.5 TWh, representing the largest renewable energy contribution in the UK 
in 2011 
[49]
. However, while this landfill gas output could be expected to be maintained in the short term, in the 
medium to long term it will inevitably be reduced in order to comply with the Landfill Directive 1999/31/EC 
[4]
, 
biodegradable waste landfilled must be reduced to 35% of 1995 levels by 2020. 
 
2.2 Sewage 
 The UK water industry currently treats 96% of waste water streams in the country 
[50]
 producing around 1.5 
million dry tons per year (pa) of sewage sludge 
[12, 50]
. The proportion of it treated by AD rose to 75% in 2010 
[50]
, with 146 WWTPs using AD for water treatment in September 2013 
[11]
, with an added installed capacity of 
110 MWe 
[45]
, which produced digestion gas equivalent to 3.2 TWh of primary energy in 2012 
[10]
.  
 Sewage sludge arisings are projected to follow expected population growth in the UK (data from the Office 
for National Statistics 
[51]
) and different levels of adoption of tighter environmental regulations. Likewise, typical 
conversion parameters of sewage sludge via AD have been used, namely a biogas yield of 450 m
3
 per dry ton 
and 65% methane content in the gas 
[52]
. 
 
2.3 Municipal Solid Waste (MSW) 
 Municipal Solid Waste (MSW) in the UK consists of around 18% of food waste suitable for AD 
[53, 54]
. Total 
availability figures of food waste in the surroundings of 7 million tons (MT) have been reported in previous 
years 
[12, 55-57]
, which is in line with the own estimations of the authors, and have therefore been taken as the base 
for this study.  
 Food waste arisings projections considered three key aspects: economic growth, population and behavioral 
changes, and involved different levels of adoption of source segregated waste collection (SSWC) (40-75% 
adoption with MSW generation growth of 0-0.75% pa.), which is essential for the valorization of MSW via AD. 
As for the technical conversion parameters of food waste, most of the literature ranges between biogas yields of 
100-125 m
3
 T
-1
 of food waste with around 60% methane content 
[58, 59]
. The upper end value of 125 m
3 
T
-1
 was 
adopted as the most likely by the 2030 time horizon of this study. 
 
2.4 Commercial and Industrial Waste (C&IW) 
 There is not much combined data for Commercial and Industrial Waste (C&IW) in the UK, making it 
difficult to work out a final waste figure. Nonetheless, the latest country-level information available 
[60-64]
 has 
been used to calculate a final figure of 8.4 MT of food waste available for AD, which is consistent with the 
figures of around 8 MT reported by DECC and DEFRA in the AD Strategic Action Plan 
[12]
 as well as by the 
ADBA 
[56]
.  
 The energy content of C&IW food waste is assumed to be the same as that of MSW food waste, so a biogas 
yield of 125 m
3 
T
-1
 with 60% methane content has been adopted. 
 
2.5 Livestock (LS) 
 80 mt of livestock manure are produced annually in the UK 
[12, 65]
. The proportion generated by different 
livestock has been estimated from 2004 waste arisings data 
[55]
, and was assumed to be valid onwards since the 
livestock composition of the UK has not changed significantly since then 
[66]
 and it is not expected to do so in the 
future. The basic requirement for manure to be used is that it must be collectable, so the characteristic 
availability of the different livestock families has been accounted for 
[55, 67, 68]
, on top of the typical technical 
conversion parameters for the waste generated by the different animal families and varieties 
[68, 69]
, all of which 
are contained in Table 4. 
 Finally, although future livestock waste arisings are difficult to predict as they depend on weather, farming 
practices and markets 
[67]
, projections have been done by forecasting historic livestock population data from the 
Department for Environment, Food and Rural Affairs 
[66]
. 
 
2.6 Agricultural 
 Despite the great variety of crop products and vegetables cultivated in the UK, a representative estimate of 
the biogas potential from agricultural wastes can be obtained by considering the straw produced by crops, as 
straw accounts in volume for almost the entirety of agricultural residues available for AD 
[70]
. However, due to it 
being a lignocellulosic material, straw-only digestion, although possible, is not usually performed due to its low 
ultimate yield. Instead, up to 10% of straw can be co-digested with other materials such as manure and sewage 
without the need to modify the reactor 
[71]
, and with the benefit of improving the performance of the processes 
(typically by around a 10%, 
[71-73]
) by stabilizing the carbon to nitrogen ratio.  
 Straw is largely used for livestock bedding, with the excess in production being returned to the soil as 
disposal route. In this study only excess straw was considered, 5.7 MT in 2011 
[74]
. Interestingly, this amount of 
available straw would be enough to co-digest all the technical potential manure of the UK (High scenario). 
Accordingly, the potential scenarios for agricultural residues are linked to the development of other biogas 
sources as explained above. 
 
2.6 Crops 
 Although the UK government does not encourage energy crops due to possible implications over the food 
supply 
[75]
, a biogas potential does exist, and is estimated here. However, only the use of set-aside land is 
considered. Historic data for set-aside land from DEFRA 
[66]
 was projected to 2030, considering that only 50% 
could ultimately be used for biogas due to various reasons such as unfavorable economics, resistance from 
farmers to change their production methods or to ensure that the numerous agronomic and environmental 
benefits of keeping a certain level of set-aside land are not lost. This utilization figure is in agreement with part 
of the literature 
[76-79]
, although there is an opposing suggestion in some studies that all of set-aside land could be 
used 
[80, 81]
. 
 An even crop rotation of forage maize, hybrid rye, energy beet and wholecrop cereals was selected as a 
compromise of maximized biogas yields for the first three crops 
[78, 82-84]
, geographical suitability 
[78, 82-84]
 and the 
use of indigenous plants.  
 The technical conversion parameters adopted for these crops are contained in Table 5 
[78, 82-84]
. 
 The projected estimations are based on the different possible levels of set-aside land available and the 
proportion of it used for biogas. 
 
3 Methodology 
 Since the ultimate aim of this study is to estimate the prospects for fuel cells coupling with biogas produced 
via anaerobic digestion for heat and power applications, a techno-economic model has been developed in order 
to assess the feasibility of such a scheme, as well as for comparison with conventional biogas schemes.  
 The focus of this study is on the biogas conversion technology, and not on the different possible means of 
obtaining the biogas. Accordingly, in order to secure a fair comparison within conversion technologies 
regardless the AD technology selected, it was assumed that the most suitable anaerobic digestion technology is 
put in place in every case, with adequate sizing and no major operational problems on the AD side, securing 
best-practice standard operation. Hence, the biogas conversion technology will be the responsible for the success 
of a proposed plant. Consequently, all the inputs related to the anaerobic digestion technology are a fixed input 
to the model and have been selected for the most common and relevant technology in the UK, namely a one 
digestion tank mesophilic plant. Nonetheless, results regarding the conversion technology can be used in 
conjunction with any other type of anaerobic digestion plant. 
 Finally, as was justified in the biogas potential estimation, on-farm livestock plants and food waste plants are 
seen as the two types of plants with the highest potential in the UK in the near future. As a result, the techno-
economic model to evaluate the feasibility of anaerobic digestion plants has been developed for UK 
representative livestock waste (cattle) and food waste projects. In particular, three different scales of plant have 
been envisaged in each case. Thus, six complete and different model plants have been designed, with 
characteristics summarized in Table 6. The following sections explain the build-up of the model used for this 
study. 
 
3.1 Anaerobic Digestion Plant 
3.1.1 Technical and Operational Parameters 
 A one stage mesophilic plant with sufficient gas storage capability to cover for variability in biogas 
production has been selected for the case models. This is an idealization of an AD plant operation, but it allows 
us to focus on the energy conversion technology, the aim of this study, rather than on the details of the AD step. 
Moreover, the details of AD production will be accounted together with those of the generator, being reflected in 
the availability figure given for the generator. Table 7 lists the main technical and operational parameters used in 
the calculations, for which the plant sizing has been done in accordance with common industrial practice, and the 
biogas yield and quality are those already introduced in section 2.  
 Furthermore, waste collection is assumed to already exist prior to the AD plant construction in the case of 
livestock waste as manure is generally collected for its on-farm valorization or disposal where this is no longer 
possible. Thus, its collection does not add any cost to the project. This is an acceptable assumption for single 
farms, but is less applicable for cooperative anaerobic digestion (CAD) schemes where an extra cost arises from 
transport of the waste collected in every particular farm to the centralized AD location. Consequently, extra cost 
is incurred to account for the transportation, whereby distances shorter than three miles are assumed as the viable 
set-up of CAD schemes. As for food waste plants, the current operational model consists of waste being source 
segregated, collected and transported to the AD facility by the collector, who pays a gate fee for the waste to be 
accepted. 
 
3.1.2 Costs 
 Although a broad range of capital costs for on-farm cogeneration biogas plants can be found in the literature, 
between 2,000 and 6,500 £ kWe
-1
, an average cost of 4,000 £ kWe
-1
 is generally 
[14, 19, 85, 90-93]
, with an important 
impact of economies of scale at small plants, but not so much at large plants 
[14, 94]
 due to the difficulty in 
obtaining the required amount of feedstock. As for food waste plants, a cost figure of 200 £ T
-1
 of feedstock 
capacity is commonly used by the industry, which is in agreement with the costs reviewed by Tolvik Consulting 
in 2010, 150-250 £ T
-1
 
[88]
 and also with North American data, 187-312 £ T
-1
 
[95]
, in both cases the economies of 
scale are shown to have a major impact on the total cost of the schemes. 
 These costs account for all the capital costs associated with the anaerobic digestion plant itself in the general 
case of using a CHP gas engine, also including development costs in the case of on-farm plants but not for food 
waste plants. This is because, while licensing and permitting are not a major issue for on-farm anaerobic 
digestion plants, they are for food waste plants as the facility has to become a regulated waste management 
facility, which not only implies a longer time until the plant can be built and start operation, but also incurs extra 
costs. This has been accounted in the model as an extra capital expenditure. Additional costs accounted in the 
model are the following: siting land costs (the land requirement used is 0.05-0.075 ha kTpa
-1
 of capacity 
[88]
), 
grid interconnection, maintenance and repairs, labor costs, contingency, insurance, waste collection, digestate 
use and refused waste disposal. Table 8 contains a summary of all these costs for livestock and food waste 
plants. 
 
3.2 Energy Generators 
 Gas engines (GEs) are the current standard CHP generator in anaerobic digestion plants as already 
introduced. Representative industry parameters and costs have been used for the study. 
 In contrast to gas engine technology, just a few fuel cell providers have stationary products already on the 
market. Products from the three most representative suppliers identified in the market analysis of the industrial 
uptake of these systems have been used (see Table 1). These suppliers are ClearEdge Power (now Doosan Fuel 
Cell America), FuelCell Energy and Bloom Energy, with stationary CHP products in the range 5-2,800 kWe, 
except in the case of the latter whose products are not CHP and have been included in order to explore the 
possibilities of electricity-only generators. Thus, their application in anaerobic digestion projects requires the use 
of an associated boiler to cover the heat demands of the plant. 
 The technical and economic parameters associated with the use of gas engines and fuel cells in anaerobic 
digestion biogas projects are summarized in Table 9. 
 
3.3 Emissions 
 CO2, CO, NOx and VOC emissions produced by the normal operation of the proposed model plants have 
been calculated based on the emissions data presented in Table 10. Gas engine data has been adapted from 
DECC 
[101]
 and contrasted to data from the US EPA 
[102]
 and manufacturers: GE Jenbacher, MTU Onsite Energy, 
CAT and ENI. Fuel cell data has been directly taken from the manufacturers’ specification sheets (Bloom 
Energy’s corrected for the associated boiler use). Boiler emissions factors have been adapted from DECC [101] 
and the US EPA 
[103]
 to account for natural gas combustion for heat provision. And grid electricity consumption 
derived emissions have been calculated by using GHG emission factors guidelines from DEFRA 
[104]
. 
 These data has been used to calculate the emission reductions achieved by the use of fuel cells instead of gas 
engines. Additionally, the CO2 emissions avoided by the use of a renewable energy source such as biogas have 
been estimated through comparison to natural gas and the energy mix underlying the use of grid electricity, and 
then benchmarked to the common norm for biogas valorization via a gas engine. Thus, an extra benefit is found 
for fuel cells in comparison to gas engines. Finally, the extra cost of this additional CO2 avoided by the use of 
fuel cells has been calculated by combining the difference in the levelized cost of electricity of both options with 
the reduction in emissions achieved. 
 
3.4 Economic Analysis 
 An economic analysis of the proposed model plants was undertaken to investigate the profitability of the 
designed plants under several financial and policy scenarios, for which all the costs indicated in previous 
sections were considered, as well as all possible revenue streams (FITs, government grants, gate fees, heat sales 
and digestate sales). The economic details of the model are summarized as follows in Table 11. 
 The following economic parameters were used to evaluate the projects: Net Present Value (NPV), Internal 
Rate of Return (IRR), Simple Payback Period (PP) and Levelized Cost of Electricity (LCOE). For the latter, the 
annuity method was used for the calculation, which converts the present value of total project costs into an 
equivalent annual cost and then divides it by the annual electrical output to obtain the levelized unitary value 
sought 
[106]
. 
 
3.5 Proposed Scenarios 
 Several scenarios have been devised in order to explore the profitability of the projects under biogas 
conversion technology selective policy instruments in contrast to the current situation which makes no 
differentiation between conversion technologies. Therefore, the scenarios evaluate the impact of policy on the 
feasibility of anaerobic digestion-fuel cell (AD-FC) projects in the UK compared to current anaerobic digestion-
gas engine (AD-GE) projects. Their main characteristics are summarized in Table 12. 
 All scenarios are benchmarked against the “business-as-usual” case (Scenario 1), which involves the use of a 
gas engine and is based on costs and policies in force as of June 2013. Similarly, Scenario 2 is the analogue to 
Scenario 1 but using a fuel cell instead of a gas engine. Scenarios 3 and 4 introduce extra support for fuel cell 
adoption following a California-like rationale looking for more efficient and environmentally beneficial 
technologies for biogas conversion. Both scenarios would have the same cost to the government, differing only 
in the way the extra incentive is delivered: as a capital payment in Scenario 3 or as an extra FIT in Scenario 4. 
The proposed extra support for fuel cells has been fixed at the same net present level as in California, 3,150 £ 
kWe
-1
, delivered as an extra FIT during a 20 year period equates to 0.0377 £ kWhe
-1
 of extra payment. 
 
4 Results 
4.1 Environmental Results 
 As shown in Table 13, AD-FC proved environmentally superior to conventional AD-GE, virtually 
suppressing harmful pollutant emissions (NOx, CO and VOC) and decreasing the CO2 emissions from using grid 
electricity and natural gas, at an avoided carbon cost of as low as 14.4 £ T
-1
 in the best case, although costs can 
be significantly higher. 
 It can be seen that NOx, CO and VOC emissions are lowered by well over 90% of their original values in all 
the cases. These low emissions levels have been an important factor to drive demand for the purchase of these 
systems to replace conventional gas engines in places like California, where very strict emissions regulations are 
in place (see Appendix). Therefore, should tougher environmental regulations arise also in the UK, an important 
demand for stationary fuel cells systems could be expected. 
 CO2 emission reductions are in the range 29 - 41%. These figures are achieved thanks to the much higher 
efficiencies of fuel cell systems in comparison to their gas engine counterparts (around 15 efficiency points at 
small scale with the gap closing the bigger the generator). 
 In addition, CO2 emissions avoided by the use of a carbon neutral fuel such as biogas instead of natural gas 
and grid electricity have also been calculated. This is a clear extra environmental benefit provided by the 
anaerobic digestion of wastes on top of its known higher environmental standard as a waste management 
method. Furthermore, and although not numerically accounted in this study, the emissions avoided by using AD 
instead of landfilling as waste management option are extremely large (around an order of magnitude larger than 
those incurred by the AD scheme in its operation 
[107, 108]
). 
 In particular, the amount of CO2 avoided by the energy supplied by the AD model plants has been found to 
be of 3-3.5 T y
-1
 per kWe of installed capacity for GE and around 5 T y
-1
 kWe
-1
 for FC, showing that the use of 
fuel cells in the AD project brings benefit over conventional gas engines. Indeed, the CO2 emissions avoided at 
the plant vary from 43% to 83%, with the benefits being more marked at the smaller scales. Moreover, the 
potential of using fuel cells would only be exploited to the fullest, both in environmental and economic terms, 
when opportunities for heat use are identified, as it is reflected on the CO2 emissions avoided result for L2.  
 Finally, the cost of the CO2 emissions avoided by the use of fuel cells has been estimated by comparing the 
difference in the levelized cost of electricity of both options with the reduction in emissions achieved. For both 
types of AD plant, the cost of carbon avoided increases with plant size (again, other than for L2 due to the use of 
a non-CHP fuel cell system). In particular, a cost of 30.9 £ T
-1
 has been estimated for L1 while just 14.4 £ T
-1
 for 
FW1, both the smaller plants of each type. These costs compare very favorably against the costs of CO2 avoided 
by CCS technologies for power generation, which are likely to be in the range 37-70 £ T
-1
 
[109]
, so both AD plants 
represent a promising solution to avoid CO2 emissions. Conversely, the economics of avoiding CO2 emissions in 
the larger food waste plants (FW2 and FW3) are much less favorable (138.7 and 167.5 £ T
-1
 respectively). These 
high costs are derived from the better performance of gas engines at the larger scale, while in contrast the 
performance of fuel cells stays largely the same. 
 
4.2 Economic Results 
 The economic results presented in Table 14 and Table 15 illustrate that conventional AD projects as in 
Scenario 1 (S1) can already be profitable, while AD-FC ones (S2) require external support in order to be 
competitive. In this regard, support through capital grants (S3) is preferred over extra FIT payments (S4) due to 
the current high discount rate expected for AD projects and the importance of capital costs for fuel cells. 
Interestingly, the incentives proposed for fuel cells in this study have proven to be able to significantly close the 
economic gap between fuel cells and gas engines, and even turn the decision to fuel cells as has been the case of 
L3. 
 
4.2.1 Food Waste Plants 
 All the plants are economically viable (NPV>0) in S1 and S3, with reasonable payback periods of 5-8 years. 
However, S2 is not economically viable. Interestingly, the incentive delivered to fuel cells in S3 evens the 
economics to those of S1 for FW1 and FW3, although not for FW2. As regards LCOEs they are in the range 
0.22-0.35 £ kWhe
-1
, with the cost being reduced the larger the scale, and with the cost gap between fuel cells and 
gas engines increasing from 0.005 £ at the smallest scale to 0.04 £ at the larger scale. These costs are comparable 
to the LCOEs of food waste plants previously estimated in the literature. For instance, Zglobisz et al. found 
LCOEs in the range 0.30-0.35 £ kWhe
-1
 for plants around 30 kTpa 
[110]
, which is just over the costs found in this 
study for FW2, of the same capacity. 
 In theory, the larger the scale the better the economics of the scheme as capital costs per installed capacity 
decrease and the efficiency of the generators increases. This can clearly be seen through comparison of FW2 and 
FW3, with the limitation to plant size being the availability of feedstock and the emissions and costs resulting 
from transport requirements across larger catchment areas as detailed in Zglobisz et al. 
[110]
. However, the FIT 
and RHI levels make a significant impact on revenues for plants under the ceiling of 500 kWe. Indeed, for a 
larger plant to equal the return of a hypothetical 500 kWe plant, it would need to get to a size of around 1.5 to 2 
MWe. This situation is well illustrated by FW1 and FW2, whose economics are broadly speaking balanced, even 
though the electricity generation in FW2 is significantly cheaper as reflected by LCOEs of 0.08 £ kWhe
-1
 lower 
in S1, and 0.05 £ kWhe
-1
 lower in the remaining scenarios. It must be noted that this is a confirmation of the 
effect of FIT levels on the size decision for biogas plants. Indeed, it is generally accepted among the anaerobic 
digestion sector that current FIT levels are driving most of the plants to sizes just below 500 kWe, with sizes in 
the range 500-1,500 kWe seen as less profitable. Larger plants than this can only be considered if the amounts of 
feedstock required can be secured. 
 
4.2.2 Livestock Plants 
 L1 is not profitable under any scenario with payback periods well over 10 years. Interestingly however some 
other economic parameters are competitive with other technologies: LCOEs are within the range of those 
estimated for food waste plants, and the cost of extra carbon avoided was lower than that of CCS technologies. 
This is commendable for such a small plant, as at this scale obvious cost barriers make it difficult to provide 
energy and avoid emissions at a competitive cost. In contrast, L2 and L3 are economically viable in S1 and S3 
thanks to their more favorable economies of scale, with reasonable payback periods of 6-8 years. In particular, 
L3 shows a tighter economic gap between gas engine and fuel cell technologies, which means that the proposed 
extra incentives for fuel cells are able to revert the situation and make fuel cells economically favored over gas 
engines. Indeed, a reduced extra capital grant of 2,200 £ kWe
-1
 would be enough to equal the economics of the 
gas engine base case. 
 
4.3 Sensitivity Study 
 Discount rate, fuel cell capital cost, heat/power loads, digestate costs/profits or gate fees are the variables 
most relevant to the economic viability of a biogas plant, and were therefore subject to a sensitivity study. 
 
4.3.1 Discount Rate 
 The incorporation of high capital cost fuel cells to already capital intensive AD projects magnifies the 
importance of the discount rate (r) to be applied to the project. AD is low risk among new technologies (r≈10%), 
whose perceived risk would rapidly decrease through policy support (r≈7% short term and r≈5% medium term) 
[105]
. Thus, providing affordable finance to AD-FC projects could be a cost-effective way for the government to 
support this technology and foster its development. As such, the effect of discount rate on the designed model 
plants under the different policy scenarios proposed has been analyzed and is presented in Figure 1. It can be 
observed that the discount rate is very important to the financial result of the project: NPV’s greatly increase as 
discount rate decreases. The steepest slopes are found for those plants in which the cost difference between GE 
and FC is higher (L1 and L2), which implies that for those model plants the economic gap between GE and FC 
will close in the future as the discount rate for the technology decreases, giving fuel cells more chance to be 
competitive. 
 
4.3.2 Fuel Cell Capital Cost 
 The main barrier for fuel cells adoption is their high capital cost. Required cost reductions for commercial FC 
products in order to equal the performance of conventional GE at AD applications are significant, 2,000-4,500 £ 
kWe
-1
 for the base case (see Table 16), but achievable in the short to medium term on continuation of demand 
since learning rates of 20% are typical of FC technologies with every doubling of aggregated installed capacity 
[20, 21]
. In particular, just over two additional doubling cumulative capacity periods would be required for 
breakeven in the best suited applications. 
 It appears that livestock plants are better suited to fuel cells than food waste plants. Admittedly, this 
statement is in part derived from the important effect of scale on the gas engine-fuel cell comparison. However, 
comparison of the same size plants L3 and FW1 indicates that scale is not the only factor involved, and that the 
different characteristics of livestock and food waste plants are also important. 
 
4.2.2 Other Variables 
 Digestate, gate fees and heat/power loads sensitivity have been analyzed for all the model plants. Here, 
results of L3 and FW1 will be summarized to illustrate how each analyzed variable uncertainty affects the 
economics of the project. These two plants have been selected mainly because their equal size and use of the 
same generator (GE) allow the best possible comparison between types of AD plant. Moreover, the economic 
results of these two plants are quite even. Therefore, the sensitivity analysis of these two plants will reflect how 
livestock and food waste anaerobic digestion plants are affected by key variables of the project. Results are 
based on S1 of each plant (GE), but have also been separately confirmed as valid for S2 (FC). 
 In brief, digestate disposal cost variations have been performed in order to evaluate its effect over the 
economics of the plants. The main finding was that digestate disposal costs have a major impact on livestock 
plants, while their effect, although relevant, is only moderate in food waste plants. Indeed, the marginal cost of 
increasing the digestate disposal cost in one unit (£ T
-1
) is five times higher for L3 than for FW1. Likewise, 
modifications of the estimated current 41 £ T
-1
 gate fee at food waste plants have been evaluated, with impacts 
resembling those found for digestate at food waste plants, so gate fees are also important for the economic 
viability of the project. This confirms why feedstock insecurity is one of the main issues for new food waste 
plant deployment, and reaffirms the importance of securing a fixed gate fee income with the supplier for the 
whole lifetime of the project and prior to the opening of the plant. As for livestock plants, the base cases do not 
incorporate gate fees as they are assumed to only use own resources.  
 The significance of the heat load at the plant has been explored through the evaluation of alternative 
situations to the base case 25% on-site heat utilization, from which it has been found that the importance of 
existing heat loads is vital both for food waste and livestock plants. Indeed, if no heat load was present, both L3 
and FW1 would become economically unviable. In contrast, if excess heat was sold at a competitive market 
price of 0.015 £ kWhth
-1
, the NPV´s would double. Yet, it would be far more favorable to increase the amount of 
heat used on-site because the RHI boosts the economics of the project. Indeed, if full on-site heat utilization was 
achieved the NPV’s would increase five-fold. 
 Finally, the case where no heat loads exist at all has been analyzed further by the substitution of the CHP unit 
for a power only generator, as used for L2. Admittedly this case is not very likely at food waste or livestock 
plants, but it could well be the case for warehouses or commercial buildings. In broad terms, it was found that 
the economics of all the plants except L2 worsen due to the loss of the RHI as a revenue stream. As for L2 in 
contrast, the effect of not having to derive some biogas to cover for heat loads prevails, making the economic 
gap of fuel cells narrower, which means that under S3 the fuel cell option becomes economically preferred. 
 
5 Discussion 
 This study confirms that biogas contribution to UK energy provision is potentially large (up to 5.5% of 
primary energy needs). After environmental, political and social issues are considered the figure is reduced (a 
great part of it corresponds to energy crops, whose development in the UK seems not very likely under current 
policies) but still significant, with on-farm livestock plants and food waste plants holding the highest 
development prospects. 
 However, for the development of a relevant network of AD plants in the UK, AD plants cannot just be 
assessed on the basis of a power plant. They are part of a unique integrated scheme delivering three key 
beneficial services: waste management, nutrient recycling and energy provision. Besides, going a step further in 
search of environmental excellence, the positive environmental performance of AD can be importantly enhanced 
by the use of fuel cells, a generator choice likely to be not considered at the moment by plant developers and 
policy makers. Section 4.1 has showed that the use of fuel cells in AD projects virtually suppresses harmful 
pollutant emissions (such as NOx, CO and VOCs) and prevents further CO2 emissions. This highlights the 
relevance of the importance that policy can give in future to the containment of non-greenhouse gas, toxic 
pollutants. All these improvements are achievable at a carbon cost that in the best suited applications has been 
found to be lower than that of CCS technologies. 
 All these benefits in principle merit strong support to the scheme, which is not exactly the case at the 
moment: AD benefits from FITs, RHI and very modest loan funds are in place (with a total combined budget of 
£13 M 
[111]
), while fuel cells receive no specific support. So the uptake of AD observed in the UK in recent years 
(livestock and food waste) should be mainly seen as a proof of the technological readiness and market 
competitiveness of AD once a minimum policy framework around it was in place, rather than as the multiplying 
effect that government incentives have on the adoption of still immature technologies, which is certainly not the 
case of AD.  
 Support needs to be entitled for fuel cell adoption in best suited applications to foster the cost reduction 
process for the technology. These are likely to be small AD-FC projects (mainly livestock plants and small food 
waste projects), although not only restricted to them due to fuel cells’ modularity and adaptability. At those small 
scale projects the high efficiency of fuel cells prevails to deliver the highest environmental benefit at a closer 
cost to gas engines use. This study has showed that a California-like incentive generally almost completely 
closes the gap between fuel cells and gas engines for average AD plants, and that even a significantly lower 
incentive of around 2,000 £ kWe
-1
 could be effective provided that the best suited projects for fuel cells use are 
targeted. However, a more disruptive way of delivering support to fuel cells would be by helping fund the 
projects at a lower cost, following a similar rationale to that followed for the introduction of loan funds for AD 
by WRAP. The government could offer low-interest-rate loans to AD-FC projects, which for the best suited 
applications would work with a 6.5% discount rate. This is clearly not out of the government’s range of action 
should it decide to support an AD-FC scheme. As comparison, the 6.5% lies towards the lower end of interest 
margins charged by WRAP through their AD supporting funds (i.e. a UK reference rate plus a margin in the 
range 3-12% 
[111]
). 
 Finally, as a reflection on current policy configurations, it was confirmed that food waste AD projects with 
sizes in the range 500-1,500 kWe, are not economically favored against <500 kWe projects, which hinders the 
environmental performance of AD. In order to allow feedstock availability to be the main decision criterion for 
plant size selection instead of the artificially modified economic criteria, an amendment on current FIT banding 
criteria would be welcome, which could be approached by entitling projects with a tariff on a per kWe of 
installed capacity basis, with the exact tariff value decreasing with size, instead of the current fixed tariff levels. 
 
6 Conclusions 
 The biogas potential in the UK is remarkable and represents up to 5.5% of the primary energy needs of the 
country, so it should be exploited wisely. Waste-derived feedstocks (urban, commercial, agricultural and 
livestock) account for 38.7% of that overall potential whilst energy crops without indirect land use change 
effects account for 61.3%. The development of the latter share will depend largely on the level of use of different 
categories of land for this purpose, which itself depends on regulation and environmental safeguards still being 
defined at the time of writing.  Anaerobic digestion is a very desirable waste management option with clear 
environmental benefits that could be further enhanced by the use of fuel cells as their use increases by over 50% 
the amount of CO2 emissions prevented by the AD plant and virtually reduces the rest of pollutant emissions. 
Yet, while fuel cells are technologically prepared for their use in biogas projects, their costs need to be reduced 
in order to be able to compete in an open market. Interestingly, in some specific cases they could become 
attractive in the UK with modest levels of government support (around 2,000£ kWe
-1
 installed). Those best suited 
applications, initially likely to be at small scales, should be targeted in the first place in order for fuel cells to 
continue with their development so as to gain market relevance and eventually become economically 
competitive without reliance on policy support, which for the moment is needed for their adoption and should 
come in the form of capital grants or through mechanisms to secure affordable financing of the projects. 
Nevertheless, due to the emerging status of AD in the UK, the still to be introduced use of FC for biogas, and the 
great variety of interests involved, it is difficult to foresee how the AD-FC market will evolve in the near future. 
However, it seems reasonable to expect very limited adoption if the government denies support to fuel cells, in 
which case a highly effective way of achieving environmental excellence would be missed. Therefore, support 
for fuel cells is recommended. 
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Figure Captions 
 
Fig. 1 Project NPV modification with discount rate for the model plants under S1 (blue), S2 (red) and S3 (green). 
  
Table 1 Estimated costs for commercial fuel cell stationary systems. 
Manufacturer FC Type Output Product Name System 
Cost 
Installation 
Cost 
Total 
Capital Cost 
O&M Cost Cost 
Target 
Refs. 
Unit  kWe  £ kWe
-1 £ kWe
-1 £ kWe
-1  £ kWe
-1  
FuelCell Energy MCFC 2,800 DFC 3000 1,800 400 (a) 2,200 - 
1,250 
(w biogas) [22, 24, 25]
 
FuelCell Energy MCFC 1,400 DFC 1500 2,200 450 2,650 278,000£ y-1 
1,560 
(w biogas) 
Ballard PEMFC 500 ClearGen 2,200 (b) 500 (a) 2,700 -  
[26]
 
ClearEdge Power(c) PAFC 400 PureCell 400 3,300 450 3,750 - 950 
[25, 27, 28]
 
FuelCell Energy MCFC 300 DFC 300 2,900 600 (a) 3,500 - - 
[22]
 
Bloom Energy SOFC 200 ES-5700 5,000 1,250 6,250 
1,560 £ kWe
-1 
(10 year) 
450 
[29]
 
Bloom Energy SOFC 100 ES-5400 5,000 1,250 6,250 
1,560 £ kWe
-1 
(10 year) 
450 
Fuji Electric PAFC 100 PF-100i 6,700 1,300 8,000 - - 
[27, 30]
 
ClearEdge Power(c) PEMFC 5 PureCell 5 7,000 1,900 8,900 
417£ y-1 plus 
3,125£ every 6 
years 
- 
[23, 31, 32]
 
Ceramic Fuel Cells SOFC 1.5 BlueGen 13,330 420 13,750 - 3,750 
[33, 34]
  
Ene-Farm firms 
PEMFC 
& SOFC 
0.75 Ene-Farm 17,780 1,500 (a) 19,280 - 5,000 
[35, 36]
 
(a) estimated; (b) system cost claimed by Ballard could not be confirmed from other sources, (c) ClearEdge Power now acquired by Doosan Fuel Cell America. 
  
Table 2 SGIP payments for fuel cells, biogas and conventional CHP projects. 
Fuel Cells 
ITC 3,000 $ kWe
-1 or 30% of investment (whatever is less) 
SGIP 2,030 $ kWe
-1 * X             (<3 MWe) 
Extra 20% incentive credit for California suppliers 
Biogas 
SGIP 1,800 $ kWe
-1 * X             (<3 MWe) 
Conventional CHP 
SGIP 480 $ kWe
-1 * X               (<3 MWe) 
Biogas/Fuel Cells 
FIT (SGIP) 0.009375 $ kWhe
-1                (<3 MWe) 
up to 25% of on-site consumption 
X=1, 0.5 or 0.25 for plant capacities of 0-1, 1-2 or 2-3 MWe 
  
Table 3 Biogas potentials (as 1ª Energy in TWh) calculated by source to 2030 in the UK. 
 Biogas Potentials  Forecasted Biogas Output 
 
Theoretical Low Medium High  Enviros ADBA
(a) 
National 
Grid(a) 
Landfill 17.5 5.0 7.8 10.4  11 - - 
Sewage 6.7 4.5 5.0 6.1  3 3.6 - 
MSW 5.9 2.1 3.0 4.4  
12 
9.4 - 
C&IW 7.1 3.8 5.0 6.4  13.9 - 
Livestock 12.0 5.9 6.6 7.9  6 3.1 - 
Agricultural 1.0 0.4 0.6 0.9  - - - 
Energy Crops 79.5 30.1 39.8 59.6  9 10.4 - 
TOTAL 129.7 51.8 67.8 95.7  30 40.4 - 
% Primary Energy 5.5 2.2 2.9 4.1  1.3 1.7 - 
% Gas Consumption 14.4 5.8 7.5 10.6  3.3 4.5 5-18 
(a) 
 2020 estimations 
  
Table 4 Livestock characteristics and conversion parameters. 
Family Number  
of heads 
Variety 
Share 
Total   
waste 
Proportion of 
waste 
Waste 
availability 
Biogas   
yield 
CH4  
content 
Unit millions % MT % % m3 T-1 % 
Cattle 9.9 - 65.6 82 55 25 55 
     Dairy Cow - 50 - - 59 25 - 
     Beef Cow - 50 - - 50 25 - 
Pig 4.5 - 6.4 8 100 25 55 
Sheep 32.2 - 4 5 0 - - 
Poultry 160.1 - 4 5 100 80 55 
     Egg Poultry - 30 - - 100 30 - 
     Meet Poultry - 70 - - 100 100 - 
 
  
Table 5 Energy crop characteristics and conversion parameters. 
Crop 
Proportion Fresh 
Yield 
Dry 
Matter 
Dry 
Yield 
Fresh Biogas 
Yield 
Methane 
Content 
Methane 
Yield 
Required 
Energy 
Unit % T ha-1 % T ha-1 m3 T-1 % m3 ha-1 MJ ha-1 
Forage Maize 25 45 31.5 14.18 200 53 4,770 20,775 
Hybrid Rye 25 35 34.5 12.08 200 54 3,780 4,710 
Energy Beet 25 78 22.5 17.55 170 51 6,763 19,962 
Wholecrop Cereals 25 35 34.5 12.08 200 54 3,780 22,907 
 
  
Table 6 Summary of the anaerobic digestion plants used in this study. 
 Livestock (L)  Food Waste (FW) 
Plant Denomination L1 L2 L3  FW1 FW2 FW3 
Plant Description Small farm Large farm 
Cooperative     
of farms 
(CAD) 
 Small Medium Large 
AD Plant Characteristics Units        
Farm Plant Size heads 65 1,200 3,300  - - - 
Food Waste Plant Size kTpa - - -  6 30 60 
Electric Output kWe 5 100 300  300 1,400 2,800 
AD Labor Requirement h kWe
-1
 y
-1 5 3 2.5  2.5 2.5 2.5 
FW Extra Labor FTE kTpa-1 - - -  0.4 0.3 0.2 
AD Plant Cost £ kWe
-1 4,051 2,950 2,850  4,183 3,374 2,969 
Gas Engine Parameters         
Cost £ kWe
-1 1,500 1,000 700  700 500 450 
Installation £ kWe
-1 949 550 450  450 340 300 
O&M £ kWhe
-1 0.028 0.02 0.014  0.014 0.011 0.010 
Availability % 60 70 70  70 75 80 
Electric Efficiency % 26.3 33.6 36.2  36.2 40.0 41.6 
Thermal Efficiency % 52.6 48.7 47.1  47.1 45.9 45.0 
Overall Efficiency % 79.0 82.3 83.3  83.3 85.9 86.6 
Fuel Cell Parameters         
Cost £ kWe
-1 7,000 5,000 2,900  2,900 2,200 1,800 
Installation £ kWe
-1 1,900 1,250 600  600 450 400 
O&M £ kWhe
-1 0.0264 0.0296 0.026  0.026 0.025 0.024 
Extra Gas Cleaning £ kWe
-1 1,900 1,700 1,500  1,500 1,250 1,100 
Availability % 90 90 90  90 90 90 
Electric Efficiency % 40.0 50 47  47 47 47 
Thermal Efficiency % 50.0 - 37.1  37.1 37.1 37.1 
Overall Efficiency % 90.0 50 84.1  84.1 84.1 84.1 
 
  
Table 7 Summary of the main technical and operational parameters involved in the design of the model AD 
plants. 
 Plant type Value Comments References 
Digester Volume L & FW - Volume = Substrate * HRT  + Security Margin [19, 85, 86] 
Substrate L & FW - Daily feedstock input - 
HRT 
L 25 days Hydraulic Retention Time of the feedstock in the digester. 
Longer for food waste due to its more solid nature 
- 
FW 35 days 
Security Margin L & FW 25% Volume capacity in excess to the expected volume in use [55, 87] 
Generator Sizing L & FW - Calculated to provide a 10 ± 1% security factor - 
Electricity self-
Consumption 
L & FW 10% 
Used to run the generator, auxiliary equipment and general 
plant needs [19] 
Heat self-
Consumption 
L & FW 35% Used to heat up the digester and for general plant needs 
Biogas yield 
L 25 m3 T-1 55% methane content In text, 
section 2 FW 125 m3 T-1 60% methane content 
Digestate out L & FW 83% Of all the inputs to the digester [88] 
Cattle waste 
generation 
L 
20 kg day-1 
cow-1 
With a 55% availability [13, 86, 89] 
  
Table 8 Summary of the costs associated with the design of the model AD plants. 
 Plant type Value Comments References 
Plant Capital Cost 
(PCC) 
L 2,000-6,500 £ kWe
-1 AD plant using a CHP gas engine. DC included In text, 
section 3.1.2 FW 150-312 £ T-1 AD plant using a CHP gas engine. DC included 
Development Cost 
(DC) 
L - Included in the plant capital cost - 
FW 3% of PCC Separately accounted [88] 
Land Sitting Cost 
L - Self-owned farm land, not implying extra cost - 
FW 600,000 £ ha-1 Industrial land. Adapted from reference [88] 
Grid 
Interconnection 
L 3% of PCC 
Plants frequently placed in remote locations where 
reported costs range 10-15% of PCC 
[92, 96] 
FW 3% of PCC Easier access to the National Grid - 
Maintenance and 
Repairs 
L & FW 2% of ICI y-1 
ICI is the initial capital investment which comprises 
PPC, DC, Land Siting Cost and Grid Interconnection 
[92] 
Labor Cost 
L & FW 12-60 £ kWe
-1 y-1 
Any AD plant requires routine labor of 1-5 h kWe
-1 y-1, 
estimated at 12 £ h-1 of labor. Adapted from references 
[19, 91, 97] 
FW 
4,000-8,000 £ 
 kTpa-1 y-1 
2-4 extra full-time employees required for the food 
waste processing component per 10 kTpa of capacity. 
Full-time employees paid 20,000 £ y-1 
[95] 
Contingency L & FW 1% of ICI y-1 
Provisioned for day to day consumables needed and to 
cover for any other unexpected cost 
- 
Insurance L & FW 1% of ICI y-1 To cover against any possible loss or damage in the 
plant 
[92] 
Waste Collection 
L 0-1.5 £ T-1 
No cost at single farms but extra cost applies for CAD. 
Extra cost valid for transportation distances under three 
miles, adapted from reference 
[87] 
FW - A gate fee is paid to the plant, so it is a revenue stream - 
Digestate 
L - Digestate replaces the current use of manure as fertilizer - 
FW 10 £ T-1 
A disposal cost will apply if sufficient nearby 
opportunities are not found 
[98] 
Refused Waste 
Disposal (Contras) 
L - 
Refers to the amount of waste feedstock rejected for 
regular plant operation due to unsuitability for the AD 
treatment. 
- 
FW 104 £ T-1 
Cos  comprising landfill disposal, landfill tax and 
transport. A figure of 5% for the contras is commonly 
reported 
[88] 
 
  
Table 9 Summary of the main technical and economic parameters of the selected generators. 
 Value Comments References 
Fuel Cell    
Electrical efficiency 40-50% LHV With very little dependence on size Product 
Specifications Overall efficiency 84-90% LHV State of the art efficiencies of commercial biogas CHP FCs 
Availability 90% 95% is the target of the companies and has been proved to be achievable. 
A more conservative figure adopted to account for the limited 
commercial experience of the technology 
[92] 
Lifetime 20 (5) All the systems considered have a lifetime of 20 years, which assumes 
regular stack replacements every 5 years (note the stack is the core of the 
system, so the cost associated is high). Stack replacement times will 
increase as the products continue to mature 
[28] 
Fuel Cell Capital 
Cost 
1,800-7,000 £ 
kWe
-1 
Greatly scales up the smaller the size of the plant. Significant price 
variation between companies 
Table 1 
[18, 19, 96] 
Shipping and 
Installation Cost 
400-1,900 £ kWe
-1 Quite variable between different companies. FuelCell Energy presents 
the lowest and more consistent cost range, which has been adopted as 
reference to estimate gas engines costs 
Table 1 
Operation and 
Maintenance Cost 
0.024-0.030 £ 
kWhe
-1 
Reported O&M costs unified as a per kWhe cost. This accounts for stack 
replacements and is in line with the literature: 0.018-0.025 £ kWhe
-1 
Conventional O&M cost likely to be lower than those of gas engines, 
0.003-0.012 £ kWhe
-1 
[22, 28, 99] 
Gas Cleaning Cost 1,100-1,900 £ 
kWe
-1 
Extra cost for fuel cells systems due to their low tolerance to H2S. It 
scales up with the H2S content and with plant size. 
[22, 99, 100] 
Gas Engine    
Electrical efficiency 25-40% LHV Size dependence follows the empirical equation:  
Electrical efficiency = 5.572 * log K + 22.43; K = Plant capacity (kWe) 
[14] 
Overall efficiency 79-87% LHV State of the art efficiencies of commercial biogas CHP engines  
Availability 60-70% Overall availability of operational AD-GE plants. 85% targeted by the 
REA is commonly not achieved 
[92] 
Lifetime 10 Typical lifetimes of 8-12 years due to erosion and degradation through 
normal operation. Implies that an engine replacement is required during 
the 20 years life period of the project 
[92] 
Engine Capital Cost 400-1,500 £ kWe
-1 Engines over 100 kWe in the range 400-1,000 £ kWe
-1. A premium is 
accounted for smaller systems 
[18, 19, 96] 
Shipping and 
Installation Cost 
300-950 £ kWe
-1 Taken as 75% of those for the same size comparable fuel cells (FuelCell 
Energy products) due to their more compact nature 
 
Operation and 
Maintenance Cost 
0.010-0.028 £ 
kWhe
-1 
Greatly scales up the smaller the size of the plant [92, 99] 
Industrial Boiler    
Efficiency 90% Condensing boilers are very efficient and robust. A first-class system is 
assumed 
 
Availability 90%   
Lifetime 20   
Cost 0 Neglected in the modeling as both capital and operating costs are 
marginal to the total cost of the project. Nevertheless the economic 
impact of using a boiler will be noteworthy as it will consume some of 
the biogas produced at the plant. 
 
 
  
Table 10 Summary of the main technical and economic parameters of the selected generators. 
 
 
 
 
  
 CO2 NOx CO VOC 
Unit g kWhe
-1 g kWhe
-1 g kWhe
-1 g kWhe
-1 
Gas Engine     
GE 1 750.0 5 2.5 0.2 
GE 2 700.0 2 1.5 0.15 
GE 3 675.0 1.5 1 0.137 
GE 4 640.0 1 0.7 0.12 
GE 5 625.0 0.75 0.6 0.11 
Fuel Cell 
    ClearEdge PureCell Model5 499.0 0.011 0.022 0.0046 
Bloom Energy ES-5400 415.7 0.048 0.081 0.0091 
FuelCell Energy DFC series 444.5 0.0045 0.034 0.0068 
Boiler 
    Biogas Combustion 241 0.160 0.134 - 
Grid 
    Electricity Consumption 490.7 - - - 
Table 11 Economic decisions adopted for the study. 
 Value Comments References 
Currency Exchange - 1 £ → 1.6 $  1 £ → 1.2 €  1 £ → 150 ¥  - 
1 € → 1.3 $  1 € → 120 ¥  1 $ → 90 ¥  
Project Lifetime 20 years Industry standard for renewable energy projects - 
Discount Rate 10% Realistic up-to-date rate of interest for an upcoming technology as 
anaerobic digestion in a low inflation period, considering that AD 
is seen as low risk within renewables and new technologies 
[105]
 
Financing - Simplified as an up-front 20 year loan with an interest rate equal 
to the discount rate of the project 
- 
Additional Details - No salvage value of the assets 
Before taxation revenues 
No cost escalation 
- 
 
  
Table 12 Summary of the proposed scenarios. 
 Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Energy Generator Gas Engine Fuel Cell Fuel Cell Fuel Cell 
FIT UK-FIT UK-FIT UK-FIT Extra-FIT 
Capital Grant No No Yes No 
 
  
Table 13 Emission reductions achieved by replacing a gas engine with a fuel cell for the model plants. 
 
Emissions Reductions per kWhe / %  Extra CO2 avoided 
 CO2 NOx CO VOC  Amount / % Cost / £ T
-1 
L1 33.5 99.8 99.1 97.7  83.3 30.9 
L2 40.6 97.6 94.6 93.9  58.1 242.7(a) 
L3 34.1 99.7 96.7 95.0  66.1 81.0 
FW1 34.1 99.7 96.7 95.0  66.1 14.4 
FW2 30.5 99.6 95.2 94.3  50.3 138.7 
FW3 28.9 99.4 94.4 93.8  43.8 167.5 
(a) Anomalous case due to the use of a power only generator instead of a CHP one 
  
Table 14 Economic results for livestock plants. 
 
L1  L2  L3 
Scenario S1 S2 S3 S4  S1 S2 S3 S4  S1 S2 S3 S4 
Project Investment 
/ £ ‘000 
46 78 78 78 
 
632 1,144 1,144 1,144 
 
1,344 2,499 2,499 2,499 
NPV / £ ‘000 (14) (38) (22) (26)  198 (267) 48 (37)  230 (423) 521 263 
IRR / % 3.49 1.96 4.41 4.70  15.66 6.40 10.83 9.52  12.53 7.43 14.67 11.52 
Simple Payback / 
Years/Months 
15 / 3 16 / 5 13 / 1 12 / 9 
 
5 / 9 11 / 1 8 / 1 8 / 10 
 
6 / 10 10 / 3 6 / 4 7 / 8 
LCOE / £ kWhe
-1 0.333 0.343 0.343 0.343  0.196 0.259 0.259 0.259  0.198 0.221 0.221 0.221 
 
  
Table 15 Economic results for food waste plants. 
 
FW1  FW2  FW3 
Scenario S1 S2 S3 S4  S1 S2 S3 S4  S1 S2 S3 S4 
Project Investment 
/ £ ‘000 
2,039 3,194 3,194 3,194 
 
7,519 11,803 11,803 11,803 
 
13,173 20,313 20,313 20,313 
NPV / £ ‘000 177 (771) 174 (83)  1,562 (3,420) 990 (249)  8,299 (565) 8,255 5,830 
IRR / % 11.28 6.27 11.12 9.62  13.00 5.46 11.92 9.69  18.67 9.59 19.62 14.02 
Simple Payback / 
Years/Months 
7 / 6 11 / 3 7 / 11 8 / 9 
 
6 / 10 11 / 12 7 / 6 8 / 8 
 
5 / 1 8 / 9 4 /11 6 / 7 
LCOE / £ kWhe
-1 0.352 0.356 0.356 0.356  0.264 0.297 0.297 0.297  0.223 0.260 0.260 0.260 
 
  
Table 16 Fuel cells cost reductions required for breakeven with gas engines. 
Breakeven @ Cost reduction L1 L2 L3 FW1 FW2 FW3 
r = 10% 
 £ kWe
-1
 4,400 4,450 2,050 2,500 2,700 2,250 
 % 41 56 41 50 69 72 
 
  
Appendix 
Table A1. Biogas-Fuel cell commercial and/or advanced demonstration projects  
Application Start Date Country  FC Type Provider Size / kW Comments References 
Commercial Buildings 
LPL Financial, San Diego 
(CA) 
2014 USA SOFC Bloom Energy 2units*200 
1*100 
-Largest carbon neutral office building in the USA (aiming for LEED certification) 
-Surplus generation is exported back to the utility grid 
[1] 
Microsoft Datacenter, Cheyene 
(WY) 
2014 USA MCFC FuelCell Energy 1*300 -Will run for 18 months after which the suitability of the technology will be reassessed 
-Biogas supplied from a nearby WWTP 
-Heat and excess electricity will be provided for the WWTP self-demand 
[2] 
[3] 
Ebay Datacenter, South Jordan 
(UT) 
09/2013 USA SOFC Bloom Energy 30*200 -Intended to run on biogas, currently runs on NG due to biogas sourcing unavailability 
-Fuel cells systems replace former backup systems and UPS’s at a reduced footprint 
[4] 
[5] 
[6] 
Apple Datacenter, Maiden 
(NC) 
10/2012 
 
USA SOFC Bloom Energy 50*200 -Quoted to run on ‘directed biogas’ from landfills by company representatives. Specific location of biogas 
source not publicly released 
-Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership 
-Original 4.8 MW capacity double in early 2013 to 10 MW 
[7] 
[8] 
Intuit Office, Woodland Hills 
(CA) 
2012 USA SOFC Bloom Energy 5*100 -Running on a 75% biogas – 25% conventional gas blend  
-67% of the buildings electricity demand will be covered 
-Savings of 0.04 $ per kWh are expected 
[9] 
Residential m-CHP, Güssing 08/2012 Austria PEMFC ClearEdge 
Power 
1*5 -Biomethane supplied by Güssing Renewable Energy GmbH 
-Successful full power operation for two complete weeks was achieved by September 2012 
-Deployment target of 8.5 MW by 2015 and 50 MW by 2020  
[10] 
Cox Com. Sites, San Diego 
(CA) 
02/2012 USA SOFC Bloom Energy 5*200 -Running on biogas mixture 
-Deployed at two sites, covering 100 and 90% of the power demand respectively 
[11]  
[12] 
Adobe Datacenter, San 
Francisco (CA) 
01/2012 USA SOFC Bloom Energy 2*200 -The fuel cells run on biogas to cover 35% of the power needs 
-Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership 
[4] 
[13] 
[8] 
Apple Headquarters, Cupertino 
(CA) 
2011 USA SOFC Bloom Energy 5*100 -Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership [14] 
[8] 
Nokia US Headquarters, 
Sunnyvale (CA) 
2011 USA SOFC Bloom Energy 4*100 -The fuel cells run on 75-80% landfill gas to produce over 5GWh/y of electricity 
-Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership 
[15] 
 [8] 
NTT Datacenter, San Jose 
(CA) 
07/2011 USA SOFC Bloom Energy 5*100 -Running on directed biogas from a dairy farm [16] 
Reich GmbH facility, 
Mellrichstadt 
2010 Germany MCFC MTU Onsite 
Energy 
1*345 -Biogas provided from a nearby corn silage plant 
-220kW thermal used for cooling machinery and heating the building 
-Excess electricity sold to grid 
[17] 
Adobe Datacenter, San Jose 
(CA) 
09/2010 USA SOFC Bloom Energy 12*100 -The fuel cells cover 30% of the power needs 
-Good operation led to second purchase of Bloom’s Energy Servers 
-Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership 
[4] 
[13] 
[8] 
Residential m-CHP, Vaasa 2010 Finland SOFC Wärtsilä- 
Topsoe Fuel 
Cells 
1*20 -Believed to be the 1st SOFC running on landfill gas (after exhaustive gas cleaning) 
-3,300 h of successful operation providing electricity to 10 households 
-Steady state degradation in the field comparable to single stack degradation on test bench 
-Varying biogas composition issues (e.g. CH4 30-50%; CO2 25-35%)  handled  by designing an efficient 
control system 
[18] 
[19] 
Caltech, Pasadena (CA) 2010 USA SOFC Bloom Energy 20*100 -Runs on redirected landfill gas 
-Can provide up to 17% of the university campus onsite demand 
[4] 
[20] 
Application Start Date Country  FC Type Provider Size / kW Comments References 
Commercial Buildings 
Cox Communications Site, 
Oakland (CA) 
01/2010 USA SOFC Bloom Energy 4*100 -Running on biogas 
-The fuel cells cover nearly 70% of the main building power demand 
[4] 
[11] 
Ebay Headquarters, San Jose 
(CA) 
2009 USA SOFC Bloom Energy 5*100 -First-of-its-kind installation powered by 100% renewable biogas 
-Part of a LEED Gold-certified building 
-Quoted by eBay´s representatives to be on track to meet its return on investment plan 
[4] 
[6] 
Walmart 35 Stores (CA) 2009 USA SOFC Bloom Energy 11,400  
(in total) 
-The first units were deployed in 2009 
-Most units are powered by biogas to provide up to 60-75% of the facilities’ electrical load 
-Qualifies for the biogas onsite generation category for EPA’s Green Power Partnership 
[4] 
[8] 
Waste Water Treatment Plants 
Water Recycling Facility, 
Ontario (CA) 
10/2012 USA MCFC FuelCell Energy 1*2,800 -World’s largest fuel cell power plant operating on onsite biogas, provides 60% of onsite power demand 
-The fuel cell replaces an internal combustion engine to meet emission regulations by the South Coast Air 
Quality Management District (SCAQMD) 
-By-product heat is used to heat up the digesters 
-Operates under a 20 year power purchase agreement 
[21] 
[22] 
Water Pollution Control Plant, 
San Jose/Santa Clara (CA) 
10/2012 USA MCFC FuelCell Energy 1*1,400 -Runs on digested gas to cover part of the facility’s power consumption 
-First fuel cell project operated under a power purchase agreement (20 years) in California 
[23] 
Point Loma WWTP, 3 sites, 
San Diego (CA) 
11/2011 USA MCFC FuelCell Energy 1*300 
+ 1*1,400 
+ 1*2,800 
-First direct-biogas project of FuelCell Energy using biogas generated on-site at a different location  
-The 0.3MW unit is located at Point Loma WWTP where biogas is produced, generating the power needed 
for the biogas purification to levels of <3% CO2, <0.2% O2, <4ppm H2S, ppm VOCs and ppb siloxanes  
-Biogas is then directed via pipeline to two different locations: a 2.8 MW unit at the University of 
California San Diego to provide 8% of the campus electricity demand, with byproduct heat used for 
chilling and a 1.4 MW unit at the city’s South Bay pump station to support pumping operations with excess 
electricity being sold to the city of San Diego under a 10-year contract 
[24]  
[25] 
Fountain Valley WWTP, 
Orange County (CA) 
08/2011 USA MCFC FuelCell Energy 1*250 -Three-year pilot project, which was the World’s first trigeneration fuel cell and H2 energy station scheme 
-Electricity and heat used on-site, with excess BioH2 (~100kg/day) further purified by Air Products® to 
make it suitable for fuelling fuel cell vehicles (>25 fuel cell electric vehicle fill-ups per day) 
-Success has led to $2.8 million continuation funding from the DOE to demonstrate onsite trigeneration of 
a DFC-H2® plant at FCE’s production facility in Torrington (CT) to be operational by the end of 2014 
[26] 
[25] 
[27] 
Perris Valley WWTP, 
Riverside County (CA) 
2011 USA MCFC FuelCell Energy 2*300 -The Eastern Municipal Water District (EMWD) operates the plant using onsite generated biogas from the 
waste water treatment process to provide around 25% of the facility’s electric demand 
-Heat by-product recovered and used for the anaerobic digestion process 
-The fuel cell units will help the company meet emission regulations by the SCAQMD 
[28] 
[29] 
Rialto WWTP, Rialto (CA) 2010 USA MCFC FuelCell Energy 3*300 -Fats, oils and grease collected from restaurants are added to the digester to increase biogas production. 
These refuse was previously often disposed of in landfills, thus producing high greenhouse gas emissions 
-Heat used to pre-heat the waste sludge for the AD process 
[30] 
Riverside Wastewater 
Treatment Centre, Busan 
10/2010 Korea MCFC FuelCell Energy 1*1,200 -Runs on blended anaerobic digestion gas 
-Electricity is sold to customers and heat is used on-site for the digestion process 
[31] 
Moreno Valley WWTP, 
Riverside County (CA) 
2008 USA MCFC FuelCell Energy 3*300 -The EMWD operates the plant using onsite generated biogas from the waste water treatment process to 
provide around 40% of the facility’s electric demand 
-Heat by-product recovered and used for the anaerobic digestion process 
-The fuel cell system avoids need for a boiler and gas-firing machinery 
-Good operation led to second EMWD purchase of FuelCell Energy units 
[28] 
[32] 
[29] 
Sewage Plant, Moosburg 2008 Germany MCFC MTU Onsite 
Energy 
1*250 -The fuel cell module replaced a gas engine at a gain of 10 percentage point of electrical efficiency 
-Residual mass accumulation to be reduced by the fuel cell use due to more effective sludge drying 
[33] 
Morphic WWTP, Patras 2008 Greece PEMFC Exergy Fuel 
Cells 
1*20 -Four months of satisfactory operation running on sewage digester gas 
-25kW thermal output are also valorized 
-External reformer is needed to purify H2, especially for CO <1.5ppm 
[34] 
Application Start Date Country  FC Type Provider Size / kW Comments References 
Waste Water Treatment Plants 
Water Quality Control Plant, 
Riverside (CA) 
04/2008 USA MCFC FuelCell Energy 1*1200 -Heat used to pre-heat waste sludge for the AD process, heat up the administration building, and/or supply 
an absorption chiller for air conditioning to the administration buildings 
[35] 
Municipal WWTP, Tulare 
(CA) 
10/2007 USA MCFC FuelCell Energy 4*300 
 
-Initial deployment of three units was later backed-up by an additional unit on 2011 
-The system provides 45% of the power needs of the plant 
-Just minor problems in 95,086 hours of operation (Oct 2007-Jul2011) at 47% electrical efficiency (90% 
total efficiency with heat used for the AD process) 
-99.45% availability in 2010 
-The original units trip offline if the power supply to the plant is interrupted, requiring 10 hr to return to full 
power operation. The fourth one includes a resistive load bank to prevent shutdown when grid power fails 
[36] 
[35] 
Turlock Irrigation District, 
Turlock (CA) 
2007 USA MCFC FuelCell Energy 1*1200 -Designed to run on biogas generated onsite to provide electricity for 1,000 homes in the area 
-Stated by the owners to never have operated up to expectations, was taken out of service 
[37] 
[38] 
Dublin San Ramon WWTP, 
Pleasanton (CA) 
2007 USA MCFC FuelCell Energy 2*300 -The fuel cell system can cover up to 50% of the power demand of the plant 
-Heat used to pre-heat waste sludge for the AD process and heat up the administration buildings 
-The fuel cell units help the company meet emission regulations by the SCAQMD 
[39] 
[35] 
Waste Treatment Plant, 
Stuttgart 
2007 Germany MCFC MTU Onsite 
Energy 
1*250 -Ran on sewage gas, cogenerated heat (180kWth) used to heat up buildings and digestion tower 
-9,000h of continuous operation (minor shutdowns only) between Jan 2008 to Mar 2009 at an average 
electrical gross efficiency of 44% 
-Shut down on Mar 2009 due to a rise in stack core temperature due to unknown reasons 
[40] 
Municipal WWTP, Ahlen 
 
11/2005 Germany MCFC MTU Onsite 
Energy 
1*250 -Europe´s first fuel cell waste water treatment plant operating on sewage gas 
-Excess power fed to the grid 
-Heat used for the AD process with excess to heat up the facility’s buildings 
[41] 
Municipal WWTP, King 
County (WA) 
06/2004 USA MCFC FuelCell Energy 1*1,000 -First advanced digester gas project of the company 
-365 days running on natural gas and 100 in digester gas through a demonstration period of two years 
-Control system  developed to quickly switch between natural gas and digester gas to maximise availability  
-Challenges related to methane content variation in the gas supply, but no major issues found related to 
digested gas quality 
-Slightly higher average efficiency achieved with the digester gas (suitability of digested gas proved) 
-Module failure due to deficient welds on the stack manifolds 
[42] 
WWTPs, 4 sites, (NY) 2003-05 USA PAFC UTC Power 8*200 -Most of them still in operation [43] 
Columbia Boulevard WWTP, 
Portland (OR) 
1999 USA PAFC ONSI Corp 1*200 -First fuel cell to run on biogas in the USA 
-Start-up power output was 175kW, but decreased over time 
-After 5 years operation, the fuel cell’s power section failed 
-Decommissioned in 01/2005 due to prohibitive maintenance costs 
[44] 
Other Applications 
 Greenhouse,  Delta (BC) 2014* Canada MCFC FuelCell Energy 1*300 -World’s first commercial quad-generation project to provide heat and power for onsite use, 135 kg/day of 
H2 to be exported, and food-grade CO2 to foster the photosynthesis process of plants in the greenhouse  
-First FCE plant running on landfill gas, where the gas will be cleaned up by Quadrogen Power Systems 
[45] 
[46] 
AC Transit Station, Oakland 
(CA) 
03/2013 USA SOFC Bloom Energy 1*420 -Runs on landfill gas to power the entire facility 
-Excess electricity used to power an electrolyzer to produce H2 for their fuel cell buses  
[47] 
Olivera Egg Ranch, French 
Camp (CA) 
2011* USA MCFC FuelCell Energy 1*1,400 -Pre-existing solid waste lagoon replaced by an anaerobic digester 
-The fuel cell covers the whole power needs of the farm 
-FCE to service the plant under a five-year service agreement 
[29] 
Outdoor demonstration, 
Yamagata  
01/ 2011 Japan PAFC Fuji Electric 1*100 -Cold weather operation demonstration running on sewage digester gas 
-Test ran from January through to March (2,000 h) without major problems 
-Great East Japan Earthquake on March 2011 did not interrupt operation 
[48] 
Coca-Cola factory, Dinuba 
(CA)  
2010 USA SOFC Bloom Energy 1*500 -Bottling and manufacturing operations 
-Redirected biogas covers 30% of the plant power needs 
[4] 
[49] 
   
Application Start Date Country  FC Type Provider Size / kW Comments References 
Other Applications 
Erdinger Brewery, Erding 2009 Germany MCFC MTU Onsite 
Energy 
1*240 -Waste water treated via AD to yield 85% methane sewage gas 
-Gas cleaning system developed by MTU Onsite Energy to remove sulfur residues 
-200kW thermal output to heat up the buildings and process water 
[50] 
Gills Onions, Oxnard (CA) 07/2009 USA MCFC FuelCell Energy 2*300 -Claimed to be the first food processing facility in the world converting 100% of the daily onion waste (up 
to 136,000 kg) into useful products: biogas and cattle feed 
-The onion waste is first pre-treated to yield an onion ‘juice’ which then enters an upflow anaerobic 
digester to provide 75% of the plant´s electricity needs 
-Both, composting of solid onion waste and hauling of the product are no longer needed 
-Payback period of the full project cost (~$10 million) is less than 6 years 
-The 600kW fuel cell system cost has been reported by FCE as $3,400/kW installed 
-In 2012 a battery with capacity to deliver 600kW for 6h was installed to meet peak capacity 
[51] 
[25] 
[52] 
Landfill Site, Barcelona 2008 Spain SOFC Acumentrics 1*5 -Hera, the firm operating the landfill will use the landfill gas for cogeneration for the first time in Spain, 
and also as vehicle fuel 
[53] 
Sierra Nevada Brewery, Chico 
(CA) 
2005 USA MCFC FuelCell Energy 4*300 -The initial deployment of 4*250kW units was upgraded to 4*300kW in 2006 after confirming operation 
running on conventional natural gas 
-Currently running on a blend of digester gas and conventional gas 
-Small volume of gas storage needed to even out fluctuations in biogas production with beer production 
-The average run time of the installation is of the 92% 
-Exhaust heat is recovered for in-process use to increase the overall efficiency by a 15% 
-Some mechanical issues in 2010 hindered the production, which still was around the 50% of the energy 
needs of the factory 
-Sustainability effort recognized by prestigious environmental wards such as been named Green Business 
of the year 2010 by the US EPA 
[54] 
[55] 
Dairy farm, Princeton (MN) 
 
02/2005 USA PEMFC Plug Power 1*5 -First of its kind full-scale demonstration project 
-Biogas reformed to H2 to feed the fuel cell 
-Main aim was to run continuously on biogas 
-Intermittent operation up to four continuous hours achieved by June 2005 
-Secondary target was to develop low-cost biogas cleaning systems 
-The dairy owner declared by 2009 that the project was idle due to the lack of funds 
[56] 
[57] 
Sapporo Brewery, Chiba 06/1998 Japan PAFC Toshiba 1*200 -Stated as the first successful fuel cell installation using biogas in the world 
-40% electric efficiency, 81% total efficiency 
-4% reduction in the overall factory energy consumption achieved 
-The biogas cleaning system worked effectively  
-Main issue was to cope with fluctuations in biogas composition due to changes in the brewing conditions 
[58] 
[59] 
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